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Abstract
Background: An air embolus is a recognized but rare complication of a partial hepatectomy. The aim of
this report was to describe the diagnosis and management of a large paradoxical air embolus during
hepatic resection.
Methods: Case report.
Results: A single patient report of a massive paradoxical air embolus during an extended right hepa-
tectomy is described. The diagnosis was confirmed by trans-oesophageal echo (video provided). After
failed conservative management an emergency cardiopulmonary bypass was instituted with a successful
outcome.
Conclusion: Surgeons and anaesthetists involved in hepatic surgery should be aware of signs, inves-
tigations and management of this life-threatening intra-operative complication.
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During a hepatectomy, an air embolus can occur as a consequence
of a hepatic vein or a tributary being opened.1 This combined with
sub-ambient pressure in the vein can result in a pressure gradient
favouring air entry.2 In addition, compression and manipulation
of the inferior vena cava (IVC) at its junction with the hepatic
veins can result in a Venturi effect whereby a high flow rate in the
compressed vessel causes air to entrain via numerous openings of
the small hepatic venous or IVC tributaries.1 As a consequence,
large air emboli can enter the right side of the heart and cause
cardiopulmonary collapse.2 In the presence of an atrial or ven-
tricular septal defect3 or simply by transpulmonary passage,4,5 a
left-sided or paradoxical air embolus (PAE) can occur with dev-
astating sequelae.2 This study describes a situation in which a large
right- and left-sided air embolus occurred and details the subse-
quent management of it during an extended right hepatectomy.
A 43-year-old female presented with a diagnosis of carcinoid
syndrome from an ileal primary with hepatic metastasis. A pre-
operative echocardiogram showed no structural cardiac abnor-
mality. After a small bowel resection to control the primary and
regional disease a potentially curative hepatic resection was
planned to achieve symptomatic control of both carcinoid
syndrome resistant to octreotide and the local mass effect. The
tumour was 14 cm in diameter and involved the confluence of the
right and middle hepatic veins and compressed the retro-hepatic
vena cava (Fig. 1). As part of the pre-operative planning it was
elected to perform this surgery in the cardiac theatre with a
cardiac team on standby in case of the need for veno-veno bypass
to allow safe resection and or reconstruction of the inferior vena
cava. Anaesthesia aimed at maintaining a central venous pressure
of less than 5 mmHg was instituted. After hepatic mobilization it
became apparent that the liver could not be returned to the
abdomen as it resulted in caval compression and profound hypo-
tension. Dissection could only be continued with the liver con-
stantly supported by the surgeons. The right hepatic vein and
short hepatic veins were divided allowing the termination of the
middle hepatic vein to be visualized. In the process of isolating the
middle hepatic vein a small tear occurred but was effectively con-
trolled during a short period of total vascular exclusion. However,
while controlling this, the patient became cardiovascularly unsta-
ble with a sudden decrease in systolic blood pressure (SBP) to
65 mmHg and heart rate (HR) to 30 beats/min associated with
widened QRS complexes on ECG and T wave inversion. SpO2
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decreased from 97% to 64% and ETCO2 from 34kPa to 20kPa.
Simultaneously CVP increased from <5 mmHg to 25 mmHg.
In an attempt to restore circulation repeated 10 mcg boluses of
noradrenaline and then adrenaline were given along with increas-
ing rates of continuous infusion up to 12 mg/min of each. An air
embolus was suspected on intra-operative ultrasound and con-
firmed with a transoesophageal echocardiogram (TOE) per-
formed approximately 10 min after the start of deterioration. This
showed air bubbles in both ventricles and severe impairment of
the right ventricular function (Video S1, S2). In spite of escalating
medical therapy to improve the patient’s cardiovascular status no
improvement was seen and a decision to proceed to an emergency
sternotomy and cardiopulmonary bypass was instituted. Almost
immediately after commencement of cardio-pulmonary bypass
the HR returned to 90 beats/min and ECG changes returned to
normal. However, air continued to enter the bypass circuit indi-
cating an ongoing source of an air embolus and on further mobi-
lization of the liver, a small hole in the intrahepatic portion of the
middle hepatic vein which was not bleeding was identified and
closed. Evidence of air entrainment ceased. In spite of full antico-
agulation with heparin it was elected that a hepatectomy would
proceed on bypass as the right lobe was ischaemic and could not
be returned to the abdomen. Subsequent to the hepatic resection
the anticoagulation was reversed with a combination of clotting
factors and blood products. Haemostasis was satisfactory at the
end of the procedure. The patient was weaned from cardiopulmo-
nary bypass after 1 h. A repeat TOE a further hour later showed
marked improvement in right ventricular function (Video S3).
The patient had an uneventful post-operative recovery and was
discharged 10 days later with no neurological deficits.
The morbidity and mortality as a result of an air embolism
depends on the volume as well as the rate of air entry.2,6 Animal
models have assessed the volume of air necessary to provoke cir-
culatory collapse. As a single bolus, this has been found to be
7.5–15 ml/kg in dogs.7 In humans this has been reported to be
200–300 ml or 3–5 ml/kg.8,9 The rate of air entrainment is also of
importance because of the time taken for the lungs to dissipate
intrapulmonary gas.2 In animal models, air infused directly into
the right ventricle at a rate of 0.05 ml/kg/min can be completely
filtered by the lungs and remained undetectable to TOE.6 If the
volume or rate of air entry exceeds the ‘filtration’ capacity of
the lungs then PAE can arise from intrapulmonary passage and
‘spill-over’ to the left ventricle.6
The variables of rate and volume of air entrained are in turn
impacted on by the position of the patient and the height of the
portal of air entry relative to the right side of the heart, because of
the effects of gravity on venous pressure. This is exemplified by the
high incidence of an air embolism during craniotomies per-
formed in the sitting position2 and during genitourinary surgeries
performed in the Trendelenburg position.2 The position of this
patient was supine throughout the procedure within the abdomi-
nal cavity. This had two consequences which increased the risk of
an air embolus after opening of the hepatic vein; the hepatic veins
were elevated above the right heart and once holed, the hole was
stented open by the elevated position allowing a large amount of
air to entrain. The combination of the position of the hole and the
low CVP meant that the opening was not easily detectable by the
surgeons as there was no evidence of overt bleeding. It was not
until the patient was on bypass and further entrainment of air was
detected that it lead to an additional search for a breach in the
venous architecture.
In spite of maximal medical interventions the patient’s status
was perilous. The decision by the cardiac surgeon to proceed to
bypass was made on the premise that with a major air embolus,
the right ventricle becomes filled with ‘froth’ and although it is
contracting an air lock is generated resulting in compromised
cardiac output (Video S2). This situation could only be remedied
by surgical intervention. In retrospect the filling of the right upper
quadrant with large volumes of fluid2 or flooding the abdominal
cavity with carbon dioxide10 might have helped the situation.
The development of a PAEwas also unusual. PAE can arise from
a septal defect such as that of a patent foramen ovale (PFO)3 or
passage through the lungs.4,5 A probe patent PFO or a small PFO
undetected by TOE could allow passage of air into the L heart and
the systemic circulation under the conditions of elevated R heart
pressure and pulmonary arterial pressure (PAP) generated by an
air embolus, or form controlled ventilation and use of positive
end-expiratory pressure (PEEP) intra-operatively. Probe patent
PFOs are common and have an incidence of about 25% in the
general population.11 In the patient described the TOE demon-
strated very high right atrial pressure with bowing of the intra
atrial septum towards the left atrium and a dilated hypokinetic
right ventricle (Video S1, S2).
The lungs normally provide a ‘filter’ for small amounts of air
bubbles, preventing transpulmonary passage by trapping air and
Tumour
Figure 1 Magnetic resonance imaging (MRI) showing a tumour
replacing the right lobe of the liver and compressing the inferior vena
cava (IVC). The tumour can be seen compressing the origin of the
middle hepatic vein (MHV) and the left hepatic vein (LHV)
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allowing its dissolution into the blood. Intrapulmonary shunts
occur in the setting of pulmonary arteriovenous malformation
(AVM), or direct arteriovenous communications and dilated pre-
capillaries in the lungs shown to be present in end-stage hepatic
disease (up to 47%)12 but are also present in normal individuals
although less commonly.13,14 Previous case reports have demon-
strated an intra-operative PAE arising from intrapulmonary arte-
riovenous shunts in patient with no known liver or pulmonary
disease.5 Passage of air through the lungs occurs if the volume or
rate of air entrainment is sufficient but the presence of an
intrapulmonary shunt would have enhanced this.5,15 In this
patient, the entrainment of a large amount of air trapped in the
right ventricle would have increased the PAP, causing dilatation of
pulmonary precapillaries and may have forced open anatomical
shunts, facilitating the transpulmonary passage of larger air bub-
bles.14,15 The development of the PAE within the left ventricle
could have contributed further to myocardial ischemia as a result
of coronary artery embolization as suggested by increased echo-
genicity and severely impaired myocardial function of the right
ventricle.
In conclusion, a clinically significant air embolus during liver
resection is an extremely rare but life-threatening situation.
Hepatic surgeons and their anaesthetists should be aware of the
presenting symptoms and treatment options. Particular learning
points from the events described include the fact that ongoing
entrainment occurred in spite of the surgeons being aware of
the diagnosis. The immediate availability of cardiac team almost
certainly saved this patients life.
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Supporting information
Additional Supporting Information may be found in the online version of
this article:
Video S1. Four chamber mid-oesophageal view of the heart shows air
bubbles in all four chambers, dilatation of the right ventricle and atrium and
severely impaired right ventricular function. As a result of severely raised RA
pressure the thin fossa membrane of the interatrial septum bulges prominently
into the left atrium. It is not clear if the bubbles in the left heart have traversed
the lung or have travelled through a patent foramen ovale.
Video S2. Less than 30 s later many of the bubbles have cleared allowing
greater appreciation of the severity of the right ventricle impairment and of a
large bubble trapped in the right ventricle between the tricuspid valve and the
anterior wall.
Video S3. Two hours later the air bubbles have cleared. The right heart size
has dramatically decreased and right ventricular systolic function appears
near normal.
Please note: Wiley-Blackwell are not responsible for the content or function-
ality of any supporting materials supplied by the authors. Any queries (other
than missing material) should be directed to the corresponding author for the
article.
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